The maturation of brain oxidative capacity was studied in kittens, using cytochrome oxidase histo chemistry, at different ages throughout development. Op tical densitometry values of reacted tissue were obtained for 50 different structures of the brain. In general, most structures reached adult levels of oxidative capacity by 30 days of age with some motor areas (e. g" cerebellum, red nucleus) exhibiting adult values as early as 7 days of age. Thereafter, some structures (e,g. , basal ganglia, thala-
Recent studies of the ontogeny of regional cere bral glucose utilization in man (Chugani and Phelps, 1986; Chug ani et aI., 1987) and in the cat (Chugani et aI., 1991) have indicated that at the time of birth many structures exhibit resting glucose metabolic rates which are below adult levels. Over the course of development, however, glucose utilization rates gradually increase with some structures exceeding adult levels for varying periods of time. In man (Chug ani and Phelps, 1986; Chugani et aI., 1987) this period of enhanced glucose utilization begins between 2 and 4 years of age and lasts until as late as 15 years of age, In the cat the increase over adult values occurs during two developmental periods, the first being between 45 and 90 days and the sec-mus) exhibited levels of cytochrome oxidase activity that exceeded adult values for varying periods of time, These findings indicate regional heterogeneity in the maturation of cerebral oxidative capacity. Furthermore, these matu rational patterns appear to correlate well with previous observations from anatomical, physiological and neuro behavioral studies, Key Words: Development-Cat Cerebral oxidative metabolism-Cytochrome oxidase histochemistry, ond occurring at 6 months of age. Although these studies have documented the changes in glucose metabolism through development there are few re ports describing the maturational changes of oxida tive metabolism in the brain.
In early studies, indirect measurements related to the development of oxidative metabolism in a few restricted brain regions were conducted. These measurements consisted in counting the number of mitochondria (Pysh, 1970; Samson et aI. , 1960) , measuring the degree of in vitro tissue respiration (Tyler and Van Harreveld, 1942; Mourek, 1965; Himwich et aI., 1941; Dahl and Samson, 1959) , and assaying the levels of mitochondrial enzymes (Klee and Sokoloff, 1967; Potter et aI., 1945) , all of which led to the conclu sion that oxidative metabolism was lower in neona tal compared to adult animals.
In more recent work, cytochrome oxidase (CO) histochemistry has been used to measure oxidative metabolism in selected regions of the brain at vari ous periods during development (Barr et aI., 1987; Lachica et aI. , 1987; Casagrande and Condo, 1988; Kageyama and Wong-Riley, 1986; Murakami and Fuller, 1988; Wong-Riley and Welt, 1980; Mjaatvedt and Wong-Riley, 1988; Shaw et aI., 1988; Dehay and Kennedy, 1988; Kennedy et aI., 1985; Lui and Wong-Riley, 1990) . From these studies it is clear that at any given time during development dif ferent regions of the brain yield different degrees of CO activity. However, most of this prior work has focused on the visual system.
To date there has not been any encompassing study of the development of oxidative metabolism across different brain structures and systems in any species. We have undertaken a comprehensive study of normal metabolic development of the cat brain with the goal of understanding the metabolic relationship between normal metabolism and neu robehavioral development as well as the metabolic and anatomical correlates of early brain lesions. The maturational changes of local cerebral glucose utilization have been reported (Chugani et aI., 1991) , a developmental study of protein synthesis is in progress (Kerrigan et aI., 1989) , and this research completes (Hovda et a!., 1988; our study of the development of oxidative metabo lism.
METHODS

Subjects
Forty-eight cats (male and female) were studied at post natal days I (n = 2), 7 (n = 4), 15 (n = 4), 30 (n = 5), 45 (n = 5), 60 (n = 6), 90 (n = 5), 120 (n = 7), 180 (n = 5), and adulthood (> 1 year; n = 5). All animals were reared under identical conditions in the breeding colony of the UCLA Mental Retardation Research Center and had par ticipated in studies of glucose metabolism (Chugani et aI., 1991) or protein synthesis (Kerrigan et aI., 1989) . Group assignments for each animal were made randomly, thereby preventing the assignment of one litter to a single group. During their development the kittens were kept in whelping cages (82 x 112 x 84 cm) with their mothers until they were 56 days of age. After being weaned onto a diet of wet canned chicken or tuna fish, the kittens were housed in litter runs until 6 months of age at which time they were moved into adult cages.
Cytochrome oxidase histochemistry
The histochemical procedures were carried out accord ing to Wong-Riley (1979) , but because the animals were also used in autoradiographic studies (Chugani et aI., 1991; Kerrigan et aI., 1989) , the brains were not perfused with fixatives nor were they cryoprotected. This reduced the quality of the sections; however, it provided the ad vantage of measuring CO activity within the same animals from which we obtained values of cerebral glucose me tabolism (Chugani et aI., 1991) or protein synthesis (Ker rigan et aI., 1989) . Consequently, this reduced the number of animals required as well as offered a direct comparison with different metabolic measurements within the same animal.
Following the procedures for our quantitative 2-e4C]deoxyglucose (2DG) (Chugani et aI., 1991) or Vol. 12, No.6, 1992 p4C]leucine tracer uptake studies, a lethal dose of sodium pentobarbital (100 mg/kg, i.v.) was administered, and af ter cardiac arrest the brains were quickly removed and immediately frozen in powdered dry ice. The brains were kept in a -70°C freezer for no longer than 3 days and thereafter 20-J.1m coronal sections were cut using a cryo stat at -18°C. For animals 60 days of age and younger every 6th section, and for animals 90 days of age and older every 12th section, was used for CO histochemical processing. After mounting on cold (-16°C) subbed slides, the sections were placed on a hot plate (40-50°C) for approximately 10-15 s and then brought to room tem perature. These sections were then placed in a freezer ( -20°C) until the next day when they were processed for CO histochemistry. Adjacent sections were processed for thionine staining.
For each batch of slides the incubation medium was freshly made. This consisted of 300 mg cytochrome C, 300 mg 3,3' -diaminobenzidine tetrahydrochloride (Sigma) and 500 ml 0.1 M phosphate buffer, pH = 7.4. All sec tions were incubated for 2 h in the dark, rinsed in three changes of 0.1 M phosphate buffer and air dried. The sections were then cleared by immersing them in 95% alcohol (15 min), N-butyl alcohol (2 min), and xylene (15 min), and then coverslipped with Permount. This proce dure for CO histochemistry is compatible with the pres ence of '4C-labelling in 2-deoxyglucose-6-phosphate, gly coprotein, and leucine-containing proteins (Silverman and Tootell. 1987; Braun et aI., 1985; Humphrey and Hendrickson, 1983; Duncan et aI., 1988; Dyson et aI., 1988) .
Quantification of cytochrome oxidase activity
After cleaning the slides with alcohol, optical density readings were taken from 50 regions directly from the slides (Sargent-Welch densitometer with 0.25 mm aper ture). All readings were corrected for background (e.g., glass, Permount, and coverslip). For each structure a minimum of 10 readings across at least five different sec tions were sampled and the mean optical density was cal culated for each animal. Systematic left versus right read ings did not show any asymmetries and therefore readings were taken from only one hemisphere (right). In addition, there was no significant difference between males and females.
Statistical analysis
A repeated measures analysis of variance was con ducted with the individual structure serving as the re peated variable. Comparisons were made to determine the significance of the main effect (age) with simple main effect comparisons made to adult values using appropri ate contrasts (Myers, 1979; Hays, 1973) .
RESULTS
U sing fresh tissue resulted in good differential CO staining with structures being easily identified in all animals ( Fig. 1 ). During the first 2 months of life the differentiation between grey and white mat ter was not as clear as in older animals. In part, this was due to the relatively high degree of CO reac tivity in white matter structures early in life; for example the corpus callosum which had its highest 7 DAYS 30 DAYS 120 DAYS ADULT FIG. 1. Cytochrome oxidase stained coronal sections at the levels of the head of the caudate, thalamus, and brain stem for animals at P7, P30, P120, and adult. Note how the differentiation between gray and white matter becomes more distinct as the brain matures. Since the adult brain illustrated in this figure is from a female cat it appears smaller than the 120-day-old male.
degree of CO reactivity on the first day of life and did not reach stable adult values until after P45. Those structures which were at or very near adult values at birth included the mammillary nucleus, zone incerta, red nucleus, subthalamic nucleus, substantia nigra, reticular formation, inferior collic ulus, and dentate nucleus. Of these structures only the inferior colliculus, red, subthalamic, and den tate nuclei remained close to the same level throughout development. The remaining regions of the brain showed dramatic changes in CO. This consisted in either a gradual increase of metabolism over the first few weeks of life or, in some struc tures, a period during which CO reactivity ex ceeded adult levels. These developmental changes were of interest both with regard to topographical distribution and in relation to differential maturation of functional systems. These aspects are presented separately below in order to highlight the developmental changes.
Topographical regions
Cerebral cortex. All areas of the cerebral cortex measured showed a low level of CO activity at birth. Only the pyriform cortex reached adult val ues by P7 with no further significant changes along development. The remaining regions of the cortex maintained a relatively low level of CO staining dur ing the first 2 weeks of life; by P30 values began to show a marked increase, reaching adult levels by P45. None of these regions showed any further sig nificant fluctuations in CO activity (Fig. 2) .
Basal ganglia and associated structures. These structures followed a developmental profile similar to that of the cerebral cortex, exhibiting very low levels of CO reactivity prior to 1.5 months of life. By P45 the level of CO staining had reached adult levels, but showed fluctuations as the animal con tinued to mature. Thus by P90 the striatum showed a decrease in oxidative capacity, increasing again at P120, then showing a tendency to increase over adult values at P180. The entopeduncular nucleus and the globus pallidus also showed this marked drop in CO staining at P90, but no evidence of a rise over adult levels was apparent in these structures at 180 days of age. Compared to the striatum, the glo bus pallidus, accumbens, and entopeduncular nu clei exhibited a greater capacity for oxidative me tabolism relative to adult values during the first few weeks of life and fluctuated little in reaching adult values ( Fig. 3) . Thalamus. Of all the thalamic structures mea sured the ventral posterior-lateral (VPL) region was the first (by P7) to attain adult levels of CO activity. By P45 reactivity in the VPL exceeded adult values by 18% (p < 0.05), but returned to adult levels by P90. Subsequently, VPL CO reactivity rose to ex ceed adult levels at P120 and P180. The remaining regions of the thalamus reached adult levels by P45 with only the medial and lateral geniculate nuclei showing an increase over adult values at P120 and P180 (Fig. 4 ). This increase for the lateral geniculate nuclei reached statistical significance at P120 (p < 0. 05). Brain stem. With the exception of the superior colli cuI us , most brain stem regions exhibited CO levels very near adult values at the time of birth. Of particular interest was the high level of oxidative capacity of the inferior colliculus, which at P7 showed levels 25% higher than the other brain stem structures. In contrast, the superficial layer of the superior colliculus did not reach adult values until P45. A few structures did exhibit some evidence of increase over adult levels along development. This was particularly evident for the substantia nigra which showed levels as high as 19% over adult val ues at P45 and again at P120 and P180 (Fig. 5) .
Cerebellum. In general the cerebellar cortex showed a much more gradual development of CO activity compared with the mesencephalon, dien cephalon, and telencephalon. Cerebellar cortical re gions exhibited progressive increases in CO staining over the first 3 months of life, reaching adult values by P120. This was in contrast to the deep cerebellar nuclei which, as was the case in the brain stem, exhibited adult values at birth. Although there was some suggestion of oxidative capacity greater than adult values at P180 for lobes VI and VII, this effect was not significant (Fig. 6 ).
Functional systems
Motor. In general, subcortical structures matured faster than did cortical regions; for example, the subthalamic nucleus, red nucleus, and substantia nigra all showed adult levels of CO activity at the time of birth. At P45 and P60 and again at P120 and P180, the substantia nigra and the red nucleus ex hibited levels of CO staining which were slightly higher than those of adults. In contrast, CO reac tivity within the striatum and motor cortex (anterior sigmoid) did not reach adult levels until P45. Both the striatum and motor cortex did not exhibit any significant CO increases over adult values through out development (Fig. 7) . Vision. As with motor structures, the regions as sociated with vision also showed a differential rate of CO development. Although the primary visual cortex reached adult levels at almost the same time as the lateral geniculate nucleus and superior col liculus, it exhibited the lowest level of CO during the first 2 months of life. With the exception of the lateral geniculate nucleus, which at P120 exceeded adult levels by 15% (p < 0. 05) (Fig. 8) , these regions did not change dramatically over the remaining course of development.
Audition. The auditory system appeared to de velop in a hierarchical manner, with the inferior col liculus showing the highest level of CO activity at birth, followed by the medial geniculate, with the cortical areas showing the lowest level of oxidative capacity. Both the medial geniculate and the asso ciation cortex reached levels of CO activity compa rable to those of adults by P45. In contrast CO re activity in the inferior colliculus was well developed during the first month of life ( Fig. 9) .
Limbic. Many of the limbic structures, including the hippocampus, exhibited adult CO values during the first 30 days of life. Of particular interest is that during the end of the second month and at P120 and P180 the mammillary bodies showed levels of oxi dative capacity higher than that of adults (p < 0. 05). Although the hippocampus and the amygdala also exhibited higher than adult levels of CO, this was only statistically significant at P180 (p < 0. 05) (Fig.   10 ). 
DISCUSSION
These results indicate that the capacity for oxi dative metabolism progresses through a number of maturational changes across development. In gen eral, at the time of birth oxidative capacity was re markably low for many structures relative to adult values. The exceptions were regions of the brain that are phylogenetically older (e.g., brain stem and deep cerebellar nuclei) which, because of their ba sic life-sustaining functions, may require a higher degree of metabolic activity at birth. Areas which showed a developmental progression typically in creased their oxidative capacity over the first 5 weeks of life, with most regions stabilizing around adult levels by P60. In a few areas there was some increase in oxidative capacity over adult levels at P60 and at P180; but generally, this was only a trend.
Cytochrome oxidase as a marker for oxidative metabolism CO histochemistry has been used extensively to obtain a relative measure of oxidative capacity of neural tissue. As described in a recent review (Wong-Riley, 1989) , the osmiophilic reagent 3,3' diaminobenzidine serves as an electron donor which is oxidatively polymerized to an indamine polymer that is detectable at both the light and elec tron microscope levels. The reaction induces con tinuous reoxidation of cytochrome c to produce an adequate accumulation of a visible reaction prod uct. It has previously been shown that, within the CNS, contributions to the oxidation of cytochrome c from endogenous catalases, peroxidases, and neu romelanin are negligible (Wong-Riley, 1976) . Fi nally, the specificity of the above reaction to oxi dative metabolism was verified by its complete in hibition with potassium cyanide, which prevents oxidative metabolism (Darriet et aI., 1986) .
Typically the final reaction product of CO histo chemistry is qualitatively described, although, oth ers have utilized optical densitometry for quantifi cation (Hovda et al., 1987; Darriet et al., 1986; Kageyama and Meyer, 1988; Hyde and Durham, 1990; Wong-Riley and Kageyama, 1986) . This method of quantification appears to be justified as long as the factors which can influence the density of the reaction in vitro are controlled for (Silverman and Tootell, 1987) . In fact, the intensity of the re action product detected with optical densitometry is closely correlated (r = 0.90) with CO activity mea sured spectrophotometrically in brain punch biop sies (Darriet et al., 1986) .
Functional vs. metabolic development
Sensorimotor. At birth, kittens typically exhibit righting reflexes for both head and body when the animal is tested on a flat surface. "Air-righting" does not develop until after the third week of life. Proprioceptive placing of the limbs is also present at birth, with the delicate components of the placing response developing over the following 45 days (Villablanca and Olmstead, 1979) .
In addition to these developing sensorimotor functions, the kitten at birth does exhibit some primitive motor phenomena which disappear during the first few weeks of life. These transient motor behaviors include: pendular head movements; an intentional type tremor of low frequency; and fi nally, a clonus of the hindlimbs (Villablanca and Olmstead, 1979) . The presence of these primitive sensorimotor functions in newborn kittens appears to correlate well with the present metabolic find ings. Since CO activity in the substantia nigra, glo bus pallidus, and entopeduncular subthalamic, and red nuclei is close to adult levels by the time of birth, it is likely that these subcortical structures, with little complementary neocortical control, me diate such primitive functions.
The more mature forms of sensorimotor behavior are expressed later and appear to correlate with both the development of oxidative metabolism re ported in this study and with electrophysiological maturation. Typically the kitten "walks" at around P36 and shows climbing behavior by P48 (Martin and Bateson, 1985) . Complex locomotion, as mea sured by the ability of the animal to walk a narrow plank, develops by P75 (Villablanca and Olmstead, 1979) . In terms of oxidative metabolism, after 2 weeks of life the sensorimotor cortex begins to in crease its CO reactivity, reaching adult levels at P45. Electrophysiologically, at around 2 weeks of age the sensory motor cortex approaches maturity both in terms of response latency (Grossman, 1955; Bruce and Tatton, 1980) and synaptic configuration (Voeller et al., 1963) . However, the capacity to code and signal information from peripheral organs is not well developed until 2 months of age (Connor et aI., 1984; Ferrington et ai., 1984) .
Vision. The present results show that the visual cortex and the superficial layers of the superior col liculus begin to increase their level of oxidative me tabolism after the second week of life. In contrast, the lateral geniculate nucleus exhibits a gradual in crease in oxidative metabolism by P7. Of relevance to the difference between these structures is that kittens are born with eyes closed and do not open them until the end of the first week of life (Villa blanca and Olmstead, 1979) . The development of the retinogeniculate pathway in the cat has been well described (Sretavan and Shatz, 1987 ) and shown to be in place at birth. Additionally, the superficial layers of the superior colliculus project to all lami nae of the lateral geniculate, restricting their target zone along development such that by the end of the third postnatal week the projection is confined, as in the adult, to laminae CI-3 (Stein et al., 1985) .
The sudden increase in oxidative metabolism of the primary visual cortex beginning after the second week of life correlates well with the anatomical finding that the final stages of development of this cortical region do not occur until after the opening of the eyelids (Kato, 1987) . Furthermore, it is not until the third week of life that the visual cortex begins to develop ocular dominance columns (LeVay et al., 1978) .
Audition. The kitten is capable of orienting to au ditory stimuli as early as 10 days following birth and is capable of sound discrimination as early as P20 (Olmstead and Villablanca, 1980; Villablanca and Olmstead, 1979) . [Note that the external auditory meatus is not developed at birth and is not com pletely open until around 12 days of age (Olmstead and Villablanca, 1980) ]. Anatomically, the auditory cortex has developed cortico-cortical connections with the visual cortex; however, the projections from the auditory cortex to the inferior colliculus are not present until after P4 (Cornwell et al., 1984; Martinez-Moreno and Reinoso-Swirez, 1977) .
These observations correlate closely with the de velopment of oxidative metabolism reported here. At the end of the second week of life, as soon as the cat begins to orient to auditory stimuli, the inferior colliculus reaches adult levels of oxidative capacity. This is followed by an increase of CO reactivity in the medial geniculate and association cortex from 30-60 days of age, which may be related to the de velopment of auditory discrimination.
Comparison of oxidative to glucose metabolic development
In previous work (Chugani et aI., 1991) , we found that a marked increase in regional glucose meta bolic rates in many neuroanatomical structures is seen at P45 and at P60. This is approximately 1-2 weeks later than the rise of oxidative metabolism demonstrated here. This difference may reflect the necessity for the CNS to first lay down the "ma chinery" required to support efficient oxidative me tabolism before the development of glucose utiliza tion. It is well known that under conditions of anaerobic metabolism of glucose, lactic acid is pro duced. This leads to acidosis, cellular dysfunction, and eventual cell death (Unterberg et aI., 1988; Becker, 1985; Kalimo et aI. , 1981b; Kalimo et aI., 1981a; Rehncrona et aI., 1981) . Therefore, it would be extremely detrimental for CNS development to be able to utilize glucose prior to maturation of ox idative metabolism.
The above concept is supported by our recent study on the ontogeny of local cerebral protein syn thesis (Kerrigan et aI., 1989) . The cytochrome sys tem involves the extensive use of proteins, requir ing an active steady rate of protein synthesis. Our preliminary results agree with this premise, indicat ing that as early as P15 the kitten CNS exhibits a high rate of protein synthesis compared with adults (Kerrigan et aI., 1989) . This high rate of synthesis gradually declines to approximate adult values by the end of the second month of life, suggesting that it may be related to the synthesis of the necessary enzymes (e.g. , cytochrome c) required for oxidative phosphorylation.
Another difference between the maturational pat tern of oxidative and glucose metabolism is that un like glucose utilization, which shows a pronounced increase (relative to adults) at defined periods dur ing development, oxidative metabolism undergoes fewer changes after reaching adult levels. There are several reasons which could account for this differ ence.
The 2DG method is sensitive to changes in met abolic rates for glucose produced by CNS changes lasting on the order of minutes (Sokoloff et aI., 1977; Shinohara et aI., 1979; Juliano and Whitsel, 1987; Sharp et aI., 1988; Thurlow and Cooper, 1988; Mori and Miyashita, 1989; Schwartzman et aI., 1981; Crane and Porrino, 1989; Kiduff et aI., 1990) . In contrast, in order for the CO technique to detect changes in oxidative metabolism, CNS changes must persist on the order of at least hours [see Wong-Riley (1989) for review]. Another basic dif ference between the two techniques is reflected in J Cereb Blood Flow Metab, Vol. 12, No.6, 1992 how the autoradiography and histochemistry results are quantified. In the case of 2DG, rates of metab olism are calculated in terms of f.Lmol glucose min -I g-l of tissue, However, with currently available techniques CO can only be measured in terms of density of stain, thereby being only a reflection of, as opposed to directly measuring, oxidative rate. Finally, recent studies on both the heart (Weiss and Hiltbrand, 1985; Higgins and Bailey, 1983; Brick nell and Opie, 1978 ) and brain (Andersen and Mar marou, 1989b; Andersen and Marmarou, 1989a; Braun et aI., 1985) indicate that glucose is used pri marily for maintaining the membrane ionic gradient, whereas oxidative metabolism is broader and in cludes other energy demands of the cells. Conse quently, the difference during development of these two metabolic processes may reflect the cell's pref erence early in life for morphological growth and the installment of machinery for biochemical pro cesses while the processes required for intercellular communication are deferred until later in develop ment.
In conclusion, this study characterizes the devel opment of oxidative metabolism in the cat utilizing a quantitative CO histochemical technique. The findings indicate that different neuroanatomical re gions mature at different rates which correlate well with findings from previous anatomical, physiolog ical, and neurobehavioral studies. The current work will serve as a useful baseline for our ongoing ef forts to understand how metabolic processes in the developing brain respond to injury.
